Introduction
Because of the enormous size of the undertaking, large-scale load-carrying structures of machines, are designed with long-term operation in mind [36] . Therefore they must satisfy both the ultimate strength requirement as well as the fatigue strength requirement. This is particularly important in the case of mechanical structures, which are likely to undergo variable cyclic loading which, in many cases, directly result from the dynamics of structure [32] . This is the basic difference compared to large-scale load-carrying structures sciENcE aNd tEchNology [29] . In his work [24] , Kowalczyk proposes to control the assumed values by changing the settings of the protection systems in the machine. The change is carried out in real time during operation. This solution requires that a monitoring system be installed on the machine and connected to its control system. It also restricts the use of the said dynamic effects factor on a standard basis only to cases where the calculated range of stress changes is smaller than the range resulting from the applied static load. On the other hand, in another paper [20] , Huss shows the use of dynamic load surpluses in relation to overloads. This paper focuses on identifying impacts and introducing a measure of their effects on the load-carrying structure. In their article, Bosnjak et al. [5] address the influence of rigidity of individual assemblies of the load-carrying structure on the dynamic response of the system. Their analysis is carried out on a flat model with four degrees of freedom. In his doctoral thesis [19] , Gnjatovic presents his own reduced, three-dimensional dynamic model. He uses it to measure the response of the system to the loads defined in the DIN standard.
However, the presented approaches require the designer to have comprehensive knowledge and do not correspond to design methods commonly used in the industry. As a result they are either only used occasionally (Kowalczyk [24] ) or have never been implemented. Consequently, the machines that have been designed since, are mainly based on outdated literature and standards. Currently, the most commonly used guidelines are international standards:
German The German standard is the most common point of reference when designing load-carrying structures of large-scale machines. The Polish calculation standard for surface mining machines is a translation of the German standard. This standard was the first to introduce calculations with the application of the dynamic effects factor. The ISO standard, on the other hand, does not provide any specific calculation procedure which would require the use of dynamic loads. It states that the drives and brakes should be designed in such a manner that the acceleration of machine components does not exceed 0,2 m/s 2 (~1/50g). The Australian standard is based largely on the abovementioned DIN and ISO standards. In general, the problems of dynamics are defined exactly as in the DIN standard, i.e. by applying the factor. However, as stated in the AS standard, the values of dynamic effects factors in the DIN standard do not correspond to the values of actual dynamic loads. Therefore, the values of this factor in the AS standard are higher in most cases. What the Australian norm also states is that, as a result, machines designed on the basis of the AS standard will be heavier than those designed on the basis of the DIN standard. Whenever calculations are based on the ISO standard, solutions based on the DIN standard are often used in order to account for the dynamic effects.
To calculate dynamic effects [18] when designing large-scale machines, the German approach defines the dynamic effects factor ψ. Based on the appendix to the standard it can be concluded that the physical interpretation of this factor means the ratio between the measured peak-to-peak acceleration value and the constant value of gravitational acceleration (1):
∆ a = max a − min a where a -measured value of acceleration g -value of gravitational acceleration.
This definition raises some doubts due to the high sensitivity to individual events, which may influence the measured value. The application of the ψ factor, defined in this particular manner, would only be justified if the analyzed dynamic process was stationary, which is very difficult to achieve under operational conditions [21, 36] .
The values of the factor defined in the DIN standard are presented in Table 1 .
It should be pointed out that the information presented above comprehensively covers the issues of dynamics described in the standards. The defined factors are substitute values for the dynamic load and are used in static calculations. Their application only allows for the estimation of the stress of the structure that can cause particular dynamic overloads. Of crucial importance is the application of these factors in fatigue calculations. As many as 3 of 8 components in fatigue load cases are dynamic loads. Unfortunately, the replacement of dynamics with a dynamic effects factor completely overlooks the essence of dynamics in the studied structures. In accordance with the recommendations, or rather due to the absence thereof, no analysis is performed of the structure's dynamic response, nor of the possible resonant excitation e.g. by the overlapping of excitation derived from excavation frequency with mode shapes. Based on both the DIN and ISO standards, the Australian standard introduces new recommendations related to the analysis of possible resonant excitations generated by the digging frequency of buckets. The modernization of existing load-carrying structures in accordance with this recommendation is presented in the research paper [33] .
It is also not mandatory to carry out verification by experimental tests. Therefore, there is no method of measurement which would clearly define the procedure for measuring and verifying the assumed dynamic loads. The appendix to the DIN standard does offer sample measurements but there are no recommendations for their implementation, which, in the case of such phenomena, can have a huge impact on the results. As shown in Fig. 3 , the grid of measurement points does not cover the entire machine and there is no justification as to why these particular points were selected. Particular attention should [37] be paid to the points that measure acceleration and are located on the undercarriage. Given the nature of vibrations in the presented structures [11, 28, 30] , it can be assumed that the values measured in these points will not be large. Presumably, this is why these values were not included or discussed in the standard. However, it is erroneous to assume that dynamic loads will not act on the undercarriage components.
Dynamic load factors have been used for a long time in the design of cranes [26, 27] , with the difference that they apply to the dynamic forces originating from the lifted mass and their value depends on the lifting velocity. Mass forces are determined on the basis of accelerations (dynamic effects) that depend on the characteristics of the drives, which follows the recommendations of the ISO standards.
Based on the above information it can be concluded that the commonly accepted method of designing large-scale machines based on the dynamic effects factor essentially ignores the dynamics of the structures that are being designed. Additionally, even static calculations based on the dynamic effects factor fail to take into account the dynamic effects that machine superstructures have on elements of the undercarriage. Furthermore, there is no well-defined method of experimental tests which could be used to verify the actual values of the assumed factors so as to obtain an approximation of the conditions and time of safe operation.
Research on the dynamic effects factor
The aforementioned gaps in knowledge on the dynamics of structures of large-scale machines have become the basis for numerical and experimental studies in recent years. The second chapter presents the author's original studies and their results. These studies were focused on the possibility to develop solutions that could be applied easily to current design guidelines and at the same time could solve the discussed problems related to dynamics of machines. 
Experimental studies of the actual values of the dynamic effects factor
Long-term operation of steel load-carrying structures of largescale machines has led, in recent years, to the need to assess the technical condition of these structures. This is caused by their decreasing life expectancy. In the absence of recommendations and procedures for such tests, it was necessary to develop a method that could help assess their technical condition. Such an assessment is very complex [8-10, 35, 38] and incorporates verification by numerical calculations of the machine, experimental determination of actual load values, defectoscopic tests, analysis of previous modernizations, repairs and events that could have permanently affected the load carrying capacity of the structure. The conducted studies have shown that the most frequently exceeded operational parameters are the assumed dynamic loads [6, [42] [43] . Measurements were performed on more than 20 machines operating in standard conditions. The grid of measurement points was more than twice as dense as the one proposed by the DIN standard. Their distribution for two sample machines is shown in Fig. 4 and Fig. 5 . Figure 6 and Figure 7 show a comparison of selected measuring points. Fig. 6 is a comparison of experimentally determined levels of dynamic effects for selected representative measuring points which can be compared to the DIN standard. Fig.6a and Fig.6b represent the horizontal and vertical vibrations of the bucket wheel boom respectively, measured at its end (near the attachment of the bucket wheel). Fig.6c and Fig.6d show vibrations of the counterweight boom measured at its end (near the counterweight ballast). It is clearly visible that the highest number of exceedances were observed in the case of horizontal vibrations of the bucket wheel boom and vertical vibrations of the counterweight boom. What is important is that the vertical vibrations of the counterweight boom actually exceed the limit values only in a few cases. This discrepancy between the vertical vibrations of the booms confirms the influence of the excavated material on dynamic characteristics. This phenomenon was described in detail in [28] . Differenczes in the dynamic loads on counterweight booms in the horizontal direction are mainly due to the class of the machines and, consequently, to their design (compact excavators, C-frame machines, large two-mast machines) [38] .
In the case of dynamic loads in stackers [9] (Fig. 7) there are exceedances in almost all pre- sented cases and directions. Clearly there are dynamic surpluses in the vertical direction on the discharge boom whose vibrations are not dampened [3] as in the case of excavators, because the boom does not come in contact with the slope of the stockpile. The most relevant values of dynamic surpluses, in comparison to standard values, are those measured on the counterweight boom in the horizontal direction (Fig. 7d) .
Additionally, preliminary studies have been carried out on the ŁZKS 1600 stacker-reclaimer, which were designed to verify the actual influence of dynamic loads on the undercarriages of machines. Unlike the method used in the DIN standard, accelerometers were not placed on the elements of the undercarriage, but instead strain gauges were attached to selected elements of the undercarriage. The studies investigated the correlation between the load measured by the strain gauges and the acceleration measured on the bucket wheel boom (Fig. 8 ). These studies are described in detail in [31] . They show a clear dependency between the loading cycles in the undercarriage, and the main mode of vibrations the superstructure.
Extended studies, still unpublished, have also been carried out on a medium machine (SRs 2000) and a large machine (SchRs 4000. 37, 5) . The applied measuring grid is similar to the one shown in Fig. 4, but 
Since literature offers little information on verification of dynamic factors by experimental tests [18] , the scale of the research project made it necessary, to develop a method of measurement that is identical for each type of machine under study.
In total more than 20 excavators and stackers were tested for superstructure dynamics and for the correlation between undercarriage loads and superstructure dynamics. The results were used to develop and standardize the method of experimental verification of actual values of dynamic load factors. This method establishes the criteria for the selection of measuring points, measurement parameters and signal analysis. The most important guidelines for this method are as follows:
the measurement points cannot coincide with nodes of natural • frequency mode shapes when determining the factor that takes into account the loads • to elements of undercarriages, the measuring points should be defined in the center of mass of the superstructure elements when determining the factor in order to apply load to the under-• carriage, the bandwidth range should be limited only to the first mode shape in order to analyse the changes in character-• istics, the required spectral resolution should be 1/100 of the lowest expected frequency (the first mode shape of the superstructure) the goal of data acquisition and signal analy-• sis should be zero loss of signal energy.
In addition, in the studies of the dynamic effects factor, the peak-to-peak value was replaced by the RMS value over the entire measurement. Such a definition of the factor makes it insensitive to individual impact overload [23, 25] . In contrast to the recommendations in the standard, the tests should also include the dynamic effects factor in the longitudinal direction. This is particularly important in elements that are directly connected with the superstructure platform because, in these cases, even small values of dynamic effects can lead to strain that is relevant in terms of material fatigue. In the case of elements of the load-carrying structure that support other elements (the central section), it 
Fig. 7. Comparison of measured values of the dynamic effects factor for spreaders
sciENcE aNd tEchNology is necessary to define the dynamic effects factor associated with each of the loading elements respectively. It also follows that the measurement point designated on one element can be used to evaluate a different area (central section, undercarriage).
Development of a designing method that takes into account the dynamic characteristics and the dynamic effects factor
A major concern from the point of view of design is the use of appropriate values for the dynamic effects factor. As shown in the previous section, these values are almost always exceeded during operation. The second important aspect is the fact that the dynamic effects factor in dynamic calculations is basically used to perform quasi-static calculations, which completely ignore the phenomena related to the dynamics of machines. What follows is that the possibility of resonances occurring due to the operation of the excavating unit is not verified, nor are mode shapes identified, which are a significant part of the dynamic response in the non-resonant area.
Thus, the analysis of the aforementioned facts shows considerable inconsistencies in the commonly used method of design. However, in order to solve the presented technical problems, while applying the dynamic effects factor for dynamic calculations, it was necessary to develop a designing approach that meets these objectives. This problem is rather difficult because in order to verify the adopted approach it is necessary to verify its results through experimental tests. In view of the fact that machines such as bucket wheel excavators or stackers are designed to operate for dozens of years they are not built very frequently and the design and construction process takes several years to complete.
It was possible, however, to carry out such a procedure when a new KWK 1500.1 excavator was being built. In the design stage an innovative approach was used which incorporated both the calculations with the application of the dynamic effects factor (mainly to validate fatigue strength) as well as dynamic calculations using modal analysis. The second element of this approach is crucial. As shown in the previous section the standard values of the dynamic effects factor are often exceeded. As a result, the calculations based on these values do not produce correct results in quantitative terms, which is confirmed by the large number of fatigue cracks that appear after many years of operation. The design approach adopted when designing the KWK 1500.1 excavator is based on the use of standard factors, however, what is most important is the optimization of the load-carrying structure in terms of dynamics so as to ensure the most even and lowest possible distribution of the dynamic response of the structure. Therefore, the steel load-carrying structure is optimized with regard to dynamic characteristics, which has not been done before. In the design stage it was assumed that since, thus far, machines have not been optimized in this respect, by carrying out such a process it will be possible to maintain the values of dynamic factors at the intended standard level. A detailed analysis of the modal characteristics of the system was performed and compared with the assumed operational excitation. On this basis, significant changes have been introduced to the kinematics of the counterweight support system. A detailed description of the conducted research and redesign is in the works [34, 39] . What is most important, however, is that the optimization of the load-carrying structure with regard to dynamics takes place already during the preliminary design stage. This introduces completely new possibilities in terms of potential modifications of the structure. Due to its application in fatigue calculations, the dynamic effects factor was applicable only when the final design was completed and followed by the numerical model with all detailed structural nodeconnections, because it is in those connections where potential regions sensitive to overload were located. Unfortunately, given the fact that at this stage the range of possible changes was very limited, the negative effects were merely mitigated instead of solving the underlying cause. It is quite different when optimization of the load-carrying structure is carried out at the preliminary design stage. It is then possible to introduce significant changes such as a change in the support system of individual machine components (Fig. 9) .
The developed design approach is shown in Fig. 10 . Its most important advantage is that it is based entirely on the generally accepted design guidelines. The finite element method is used for calculations. It can also be easily implemented for general use. An important difference is in the optimization of the dynamic characteristics of the loadcarrying structure. The developed method consists of three stages, each of which involves an analysis of dynamic characteristics. The method used thus far was limited only to the 2nd stage, excluded modal analysis and dynamic response analysis and included only static calculations with the application of the dynamic effects factor. The above method makes it possible to significantly reduce the dynamic response of the system in actual operating conditions. The recommendations for verification by experimental tests made it pos- sible to verify the correctness of the proposed calculation model. Experimental studies [34, 39] on the new KWK 1500.1 excavator prototype were compared with studies on excavators of the same class and similar structure: KWK 1500 and KWK 1200 (Fig. 11) .
Excavators KWK 1500 and KWK 1500.1 are similar structures, with the difference in that the load-carrying structure of excavator KWK 1500.1 was optimized using the method shown in Figure 10 .
What is to be expected is a similar behavior in terms of dynamics. An analysis of the results of experimental tests (table 2) showed a significant difference in the behavior of the jib, which exhibited approximately five times lower vibrations in comparison to the KWK1500 excavator. This difference results from the optimization of dynamic characteristics that was carried out on the KWK 1500.1 excavator. The modification of the support system of the counterweight boom (Fig. 9) significantly altered the kinematics of the entire system. The counterweight boom is connected to the jib and the bucket wheel boom. It is clear that in the case of the KWK1500.1 machine the measured values of dynamic loads acting on these elements are compliant with the assumed values, which is a direct consequence of the stabilization of the operation of the counterweight boom.
The obtained Therefore the developed numerical model and the presented calculation method shows that it is possible to optimize the loadcarrying structure in such a way as to meet the requirements established in the standard. The proposed model is the only one in the literature, with the calculation method and verification tests.
Method of evaluating large-scale load-carrying structures of machines with the application of the dynamic effects factor
The purpose of the studies and analyses presented in the second chapter was to directly address the issues of dynamics of surface mining machines in the design process. The following three basic problems were identified: lack of • a calculation method that would be reflected both in the dynamic behavior and the dynamic effects factor lack of information on the incorporation • of variable loads in undercarriages of machines lack of an experimental method of verify-• ing the actual value of the dynamic effects factor.
The studies presented in the second chapter solve the problems defined above.
The proposed calculation method was complemented by the possibility to apply the dynamic effects factor in calculations of undercarriages. The model has been validated experimentally. Validation was performed using the experimental method of verification tests developed on the basis of research carried out on over 20 machines.
The presented long-term research and the resulting achievements constitute the author's method of evaluating large-scale load-carrying structures of machines with the application of the dynamic effects factor: The method consists of 3 basic steps. The first involves calculations based on the 3-stage calculation method presented in the second chapter, which uses the validated model. In addition, this method extends the calculations to also include the loads acting on undercarriages resulting from dynamic effects that have been observed during the studies. The next step of the evaluation method involves validation by experimental studies that are carried out after the structure is built. In this regard the second chapter presents a unified method of validation by experimental studies that offer the possibility to compare the established standard values with the actual ones. Once this information is available, the third step of the evaluation method commences, in which the validity of identified parameters is evaluated. On this basis a decision can be made to the change the manner and/ or time of operation or to modernize the completed structure. Such a situation can occur if the verification tests demonstrate that the actual values are still higher than the assumed values. Once the actual values of dynamic loads are known it is possible to correct the estimated operational life. Depending on the obtained results new measures can be taken to limit, to a certain degree, the working loads of the machine and thereby decrease the dynamic loads acting on the load-carrying structure. This solution guarantees that the operational life will remain on the initially assumed level. Modifications can also be introduced to the final load-carrying structure if they are justified and feasible. The fact that actual values of the dynamic effects factor exceed the assumed values may also be a consequence of certain assumptions which were made in the designing stage but which cannot be avoided in the case of systems characterized by this level of complexity. It is also necessary to monitor the loads which are the main cause of excitation of the load-carrying structure and to ensure that their assumed values are not exceeded during operation. Such a situation can be the result of faulty operation, poor technical condition of the machine or operation in conditions (e.g. geological) that are different than those in the design. It is also recommended to continue monitoring the actual values of the dynamic effects factor in later stages of operation. By doing this it will be possible to introduced changes that might be necessary to obtain the required life. The successive steps of the evaluation method with the characteristic elements of each step are shown in figure 12. 
Conclusions
The proposed evaluation method fills the gap between the scientific calculation methods that are currently being developed in relation to dynamics of large-scale machines and the commonly known and used methods. Because it is based on the dynamic effects factor for dynamic calculations, which, in accordance with standard recommendations is the basis for these calculations, the proposed method is compatible with all current requirements for designers of large-scale machines.
The primary difference, which offers the greatest benefits from the application of this method, is that the result produced by calculations using this method is not only qualitative but also quantitative. Underestimated dynamic loads still lead to the accelerated degradation of load-carrying structures. The presented method makes it possible to apply changes in design in order to customize the load-carrying structure in such a manner that the dynamic response, measured during operation, corresponds to the values assumed in calculations. Dynamic analysis of the structure at the preliminary design stage offers the possibility to develop completely new structures with optimized dynamic characteristics. In addition, if dynamic characteristics are maintained at the appropriate level, operation becomes easier and not only precise technical and operational parameters related to extraction can be obtained but the precision of estimation of durability can be improved.
Also no indication has been made thus far of a direct correlation between variable loads acting on elements of undercarriages and superstructure vibrations. The presented studies clearly show that such a correlation exists and, in addition, indicate the possibility to approach this phenomenon with the dynamic effects factor, which is also an important element of the method. The demonstrated correlation also offers the possibility to develop other alternative methods for estimating fatigue life of undercarriages of large-scale machines.
To verify the actual values of dynamic loads, a unified method for conducting experimental research has been developed. It is also an integral part of the method of evaluating large-scale load-carrying structures.
The proposed method of evaluating large-scale load-carrying structures with the application of the dynamic effects factor as well as the studies on the basis of which it has been developed, are of high value in the field of technical sciences and applied research. Because the method is based on the commonly used dynamic effects factor it has a great potential for quick application in practice. This is confirmed by theKWK 1500.1 excavator, which was designed and built using the described method.
